INTRODUCTION
Three decades of research demonstrate a strong, positive link between parental-particularly maternal-education and child health and survival. 1 A similar relationship can be detected in virtually all countries despite great diversity in living standards, schooling and health systems. 2 While the relationship between maternal education and child health is effectively universal, debate persists concerning pathways of influence. Focusing on low-income and middle-income countries (LMICs), several mechanisms have been suggested. 1 3 These include: (1) changes in reproductive health patterns such as delayed age at child birth, having fewer children and improved birth spacing; (2) better socioeconomic status and living conditions; and (3) behavioural pathways such as greater maternal autonomy, improvements in health beliefs and domestic practices, and greater use of preventive and curative health services. Standard household surveys measure educational achievement but not health knowledge, behaviours or beliefs, limiting their ability to elucidate pathways.
In high-income countries, complementary work on the relationship of education to health has recently invoked the concept of health literacy, often defined as "the degree to which individuals have the capacity to obtain, process and understand basic health information and services needed to make basic health decisions." 4 Poor health literacy is thought to affect recognition and understanding of health problems and interactions with the healthcare system, 5 although debate exists on whether health literacy is distinct from general cognitive ability. 6 Increasingly viewed as a possible determinant of population health in high-income settings, 7 health literacy has been little studied in LMICs.
We designed a cross-sectional survey to assess whether the well-documented impact of maternal education on child health is correlated with mother's knowledge and understanding. Our objective was to test the hypothesis that maternal health literacy is positively associated with children's receipt of vaccines after adjustment for potential confounding factors, in two communities in India with poor living conditions and health indicators. We chose vaccination as our study end point as it is critical for child survival and flourishing, widely studied, and measurable. Although education is a structural health determinant, health literacy may be rapidly modifiable. If supported, the study hypothesis would suggest a novel strategy to circumvent barriers due to low education and improve child health in LMIC populations with lagging health indicators.
METHODS

Study design and setting
We conducted interviewer-administered crosssectional surveys in two sites in India using identical instruments and procedures. Data were collected from a rural district (Hardoi) in the state of Uttar Pradesh from 14 May to 13 July 2013, and from a New Delhi urban slum (Kirti Nagar) from 4 May to 24 October 2013. With a population of four million, 8 Hardoi figures among 81 (of 640) districts accounting for 1/3 of India's 2012 child mortality, 9 and receives development funds targeted to India's most backward districts. 10 Kirti Nagar is an informal settlement of approximately 20 000 households living in nine neighbourhoods. Adults are largely migrants from rural India (see web appendix table S1).
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Participants and sampling
All women who lived in a study site and were mothers of a child aged 12-23 months were eligible to participate. Surveyors were instructed to exclude women not able to understand and speak Hindi or Urdu, or cognitively impaired. One woman was excluded from the study for linguistic reasons.
The sampling unit was the household. We sampled one mother per household, and one child per mother, the youngest child in the age group 12-23 months. The rural site employed two-stage probability-proportional-to-size cluster sampling. 11 12 For the urban site, we conducted a census (see web appendix: sampling).
Variables, data sources and measurement
All data analysed are from the household surveys. We used identical data collection procedures for both sites and all respondents.
Main outcome
The main outcome variable is receipt of three dose of diphtheria-tetanus-pertussis (DTP3s) vaccine among children 12-23 months of age, a standard measure of routine immunisation system performance. 13 We analysed DTP3 as '1' if the child received three doses of DTP vaccine, and '0' if the child received zero, one or two doses of DTP vaccine. 13 Where a child's vaccination card was available, surveyors transcribed data from the card; otherwise, vaccination status was assessed by maternal recall. [14] [15] [16] [17] 
Exposure variable
There is no widely accepted tool to measure health literacy. Available instruments were developed in high-income settings and suffer from important scientific shortcomings. 18 None has yet been used in India. We developed our own instrument from Indian child health promotion materials, applying a recent systematic review to guide conceptualisation of domains. 19 Surveyors asked questions in relation to three images ((1) government poster to promote immunisation; (2) poster to promote oral rehydration salts for diarrhoea; (3) India's immunisation card), each of which included pictorial and written elements. Surveyors followed a three-step algorithm: 1. The respondent was invited to identify the topic. No prompts were given. This step tested spontaneous pictorial recognition or literacy. 2. The surveyor then read a short text describing the image and its meaning. Respondents were advised to listen closely as questions based on the passage would follow. The text was read slowly and repeated twice. This was done to provide a level playing field for non-literate respondents. 3. The surveyor posed two factual questions based on the text.
After each question, the respondent was invited to reply. Answers were scored as 'correct', 'incorrect' or 'no response' according to a pre-established coding sheet. The six responses from step 3 were used to categorise participants into site-specific tertiles of high, average or low health literacy via exploratory factor analysis. The tool is available at: https://www.webdepot.umontreal.ca/Usagers/johrim/ MonDepotPublic/HealthLiteracyTool/HealthLiteracyTool.pdf.
Potential confounders and effect modifiers Sociodemographic characteristics
Maternal and paternal education, maternal age, religion and birth order of child are associated with immunisation in India 20 and worldwide. 21 Attitudes towards child sex may be correlated with education. These variables were considered potential confounders. Education was coded into four categories. We also summed maternal and paternal educational categories to create a new seven-category variable ranging from 0 to 6. We performed principal components analysis to construct a relative index of household wealth from a list of assets developed from India's major national surveys, 14 15 22 and used this index to divide the sample into quintiles. 23 
Service delivery
In India, the lowest level of immunisation delivery takes place at the village or slum cluster level. Government norms require that health workers give a verbal reminder to eligible households before each immunisation day. 24 We created four variables to study service delivery variations. These were, the proportion of households per village who reported: (1) never having received an immunisation reminder; (2) a late immunisation reminder;
(3) poor service quality as a reason for their child's incomplete vaccination; (4) lack of access as a reason for their child's incomplete vaccination.
Measures to address potential biases
(1) Our principal challenge was to develop an instrument to measure health literacy that was conceptually well motivated, understood by our target population, able to be asked and scored in a standardised way by surveyors, and produced a valid classification. Prototypes were developed in 2011 and underwent 17 months of iterative field testing and refinement in populations similar to those for this study. (2) Interviewers and respondents were unaware of the principal study hypothesis. They were informed that our goal was to understand how mother's knowledge affects child health. The questionnaire encompassed immunisation, diarrhoea, nutrition and water quality (see web appendix: study procedures).
Study size
We used Monte Carlo simulations informed by pilot data to calculate sample size for each site independently. Under specific assumptions, for a significance level of α=0.05 and a power of 80%, 50 villages with 20 households each were required in the rural site and 590 households in the urban site. Sample size estimates were inflated to account for missing data (see web appendix: study size).
Statistical methods
For each site, we used factor analysis to allocate participants into health literacy tertiles. 25 Descriptive analyses used standard techniques (see web appendix: creation of a health literacy variable).
Main analyses
We used multivariate logistic regression to investigate the relationship between maternal health literacy and vaccination status. Analysis approaches were prespecified and performed separately for rural and urban sites. For the rural site, we analysed data using a multilevel logistic regression model with children, mothers and households (level 1) nested in villages (level 2). In the urban site, we used logistic regression with dummy variables to represent measured and unmeasured sources of cluster-level variation. Sociodemographic variables considered as potential confounders and effect modifiers were prespecified based on the scientific literature and used in rural and urban analyses. For the rural site, candidate variables to explain variations in villagelevel service delivery were identified through the scientific literature and refined empirically. Full modelling strategies are described in the web appendix: statistical methods.
Other analyses
For both sites, we evaluated the relationship across subgroups defined by maternal education and explored a potential interaction between maternal health literacy and mother's education. Analyses for subgroups and interactions were empirically motivated.
We also performed sensitivity analyses. We studied maternal education rather than parental education score. In the rural site, we considered random slopes for each of the level 2 variables. To assess fixed versus random effects modelling choices, we ran an alternative fixed effects model including all level 1 variables from model 3 and 59 dummy variables for villages. We evaluated treatment heterogeneity through random slopes models. In the urban site, to assess the implications of fixed versus random effects assumptions, we ran alternative models representing cluster as a random effect. We assessed whether the effect of health literacy on vaccination uptake differed significantly between urban and rural settings by estimating a combined mixed model with 69 clustering variables (60 villages and 9 slum clusters). Models included an indicator variable for setting (urban =1, rural =0) and interaction terms between the setting indicator and the health literacy variables.
Analyses were restricted to individuals with complete data on all variables. Associations with a p value of less than 0.05 were viewed as significant. Analyses were implemented in Stata V.13.
RESULTS Participants
In the rural site, 1192 women from 60 villages were confirmed eligible and included in the study; 98.2% (1170/1192) were included in the analysis. In the urban site, 685 women from nine clusters were confirmed eligible and included in the study; 97.8% (670/685) were included in the analysis. S3 ). The most important reason given by mothers for their child's incomplete immunisation was lack of awareness of vaccines or the vaccination schedule (35.9% (306/852) rural; 20.4% (39/191) urban; see web appendix table S4). Service delivery problems were more frequent in the rural (30.0% (256/852)) than the urban (1.5% (10/685)) area (see web appendix table S4).
Descriptive and outcome data
Main results
A positive association between health literacy and DTP3 vaccination was found in crude and adjusted models for each site (figure 1). In the rural area, model R1 describing the crude association showed a higher likelihood of DTP3 vaccination among mothers with medium (OR=1.74, 95% CI 1.25 to 2.42, p=0.001) or high (OR=1.88, 95% CI 1.38 to 2.57, p<0.001) health literacy, as compared with mothers with low health literacy. After adjustment for maternal and paternal education (model R2), the association between health literacy and DTP3 vaccination was somewhat attenuated for those with medium health literacy (OR=1.64, 95% CI 1. 17 In the urban area, the crude association (model U1) between health literacy and DTP3 vaccination was OR=1.36 (95% CI 0.84 to 2.19, p=0.212) for mothers with medium health literacy and OR=2.70 (95% CI 1.63 to 4.47, p<0.001) for mothers with high health literacy, as compared with mothers with low health literacy. After adjustment for maternal and paternal education (model U2), the association between health literacy and DTP3 vaccination was attenuated but remained significant for those with high health literacy (medium health literacy OR=1.11, 95% CI 0.66 to 1.85, p=0.698; high health literacy OR=1.98 95% CI 1.03 to 3.80, p<0.040). Adjustment for all sociodemographic confounders (model U3) produced little further change (table 3) .
Other analyses
Confounder-adjusted estimates derived under alternative fixed and random effects assumptions were very similar (table 4) . Analyses using maternal education as a potential confounder were similar to results using parental education score (see web appendix tables S6 and S7). We found no evidence of an interaction between maternal education and health literacy, or of treatment heterogeneity. We found no differences between the effects of health literacy in rural and urban settings (see web appendix table S8).
DISCUSSION
Principal findings
We hypothesised that maternal health literacy is positively associated with children's receipt of vaccines after adjustment for confounding. This hypothesis was confirmed in each of our study sites. The crude relationship between health literacy and DTP3 completion was significant in urban and rural settings for medium and high health literacy categories. In the rural site after adjustment for maternal (age and education), paternal (education), child (sex, birth order), household (religion, wealth quintile) and service delivery (access, quality, receipt of reminders) characteristics, medium health literacy was associated with greater DTP3 completion as compared with low health literacy, while high health literacy was not associated with the outcome. The following values were missing by variable: birth order 0.8% (10/1192); religion 0.5% (6/1192); reminder last year 0.5% (6/1192); reminder never 0.5% (6/1192) and health literacy 0.2% (2/1192). †For the urban site, 2.2% (15 of 685) respondents had missing values and were dropped from the analysis sample. The following values were missing by variable: birth order 1.6% (11/685); reminder last year 0.3% (2/685); reminder never 0.3% (2/685); health literacy 0.1% (1/685) and mother's age 0.1% (1/685). ‡Column refers to percentage of participants receiving three doses of diphtheria-tetanus-pertussis vaccine 'DTP3'. §We asked each mother "When did someone last come to your home to give information about immunisation?" Those who replied "within the last month" or "before the last immunisation day" were considered to have received an 'on-time' reminder; else, the reminder was considered 'late'.
In the urban site after adjustment for maternal (age and education), paternal (education), child (sex, birth order), household (religion, wealth quintile) and slum cluster characteristics, high health literacy benefitted DTP3 completion, while medium health literacy conferred no advantage over low health literacy.
Health services are a critical determinant of immunisation coverage, and villages or clusters are India's service delivery points closest to communities. The main analysis for the rural site used a random effects model accounting for village-level service delivery performance, while the main urban analysis used fixed effects to represent observed and unobserved variation between clusters. In each site, sensitivity analyses comparing fixed versus random effects assumptions yielded virtually identical estimates of the association between health literacy and DTP3 vaccination. The negative finding concerning treatment heterogeneity suggests a similar relationship between health literacy and child vaccination status in each rural village. A sensitivity analysis found no difference between the effect of health literacy in rural and urban settings. The joint distribution of health literacy and parental education scores may differ across settings and may partly explain differences observed between sites. 
Interpretation
This study breaks new ground by demonstrating the role of maternal health literacy as a potential determinant of child health in developing countries. Health literacy may be conceived as a personal asset that modifies risk or resilience to disease, 26 whose unequal distribution contributes to health inequities.
Mother's health literacy may be associated with a greater understanding of disease mechanisms, perceived importance of accessing services, motivation to care for her child's health and an improved capacity to negotiate the health system. This relationship may depend partly on context. Education levels and health systems are particularly weak in the rural site, where even moderate levels of health literacy conferred an advantage. In the urban site, education levels are somewhat higher, health systems stronger, and the effect size associated with high health literacy larger. The finding that health literacy is a determinant of childhood vaccination may be most relevant for LMIC populations in areas with weak to moderate health systems.
Conceptually, the advantage conferred by health literacy is not specific to vaccination. Additional evidence is required to assess its importance for other health conditions. Improved maternal health literacy may have contributed to the beneficial effect of women's groups on maternal and neonatal survival in LMICs. 27 
Strengths and weaknesses
This study was carefully designed and powered to test the main hypothesis and used appropriate statistical techniques to control for confounding. Study participants are reasonably likely to represent target populations. As compared with findings from external sources, DTP3 coverage rates for the urban sample were virtually identical to Delhi averages. 16 DTP3 coverage in the rural sample was slightly lower, which could suggest that our survey sample was worse off than the district average, or inaccuracies in the comparison survey for this variable. 15 Rates of non-participation and missing data were very low. Neither surveyors nor respondents were informed of the study hypothesis. Findings were similar in rural and urban sites with substantially different characteristics and results remained robust through extensive sensitivity analyses.
Results are subject to five important limitations. (1) There is no standard instrument to assess health literacy in this setting. 18 We developed an instrument that performed well in our target populations, but exposure measurement is likely imprecise. This non-differential bias would diminish the strength of the association. (2) A study of university students in the USA found health literacy as a construct to be closely related to general cognitive ability, 6 but our survey included no cognitive ability measure. In our study populations, it is likely that structural processes reflecting conceptions of gender and social status over the life course shape both health literacy and apparent cognitive ability, making their relationship difficult to disentangle. This is an area for future research. (3) All LMIC studies on vaccination must reconcile data from two sources, card and maternal recall. We reduced potential for recall bias by taking data on the youngest 12-23 month-old child. We also adapted established local question models 14 16 28 and offered extensive surveyor training and supervision. A recent Indian study found that maternal recall was reasonably accurate and errors non-systematic. 28 A nondifferential bias is likely to diminish the strength of the effect. (4) As data were collected cross-sectionally, we cannot infer a causal relationship between maternal health literacy and vaccination status. (5) Residual confounding remains a possibility.
Relationship to other studies
This is the first published primary study of maternal health literacy and child health or immunisation in a developing country. A longitudinal cohort study from the USA assessed the relationship between maternal health literacy and early infant immunisation, and found no association. 29 By contrast, we found that maternal health literacy is distinguishable from formal educational attainment and independently related to child vaccination. Our findings cohere with an extensive literature on maternal education and child health in LMICs that suggest the importance of behavioural pathways leading to greater use of health services. 3 30 These findings also tally well with systematic reviews of the determinants of child vaccination in LMICs 21 and in India. 20 Statistical models consider the complex range of factors affecting child vaccination and confirm the importance of well-known service delivery and sociodemographic characteristics, lending plausibility to the novel health literacy results.
CONCLUSIONS
A majority of developing countries will not achieve Millennium Development Goal 4 (reduce the mortality rate by two-thirds among children under 5 years) by 2015. 31 Novel interventions to benefit currently lagging populations are required in the context of intensified efforts post-2015. 32 Unlike education, health literacy can likely be modified in the short term. This research offers a compelling justification for an intervention study to assess whether initiatives targeting health literacy can improve vaccination coverage and child health outcomes in developing countries.
What is already known on this subject?
Worldwide, research demonstrates a strong, positive link between parental-particularly maternal-education and child health and survival. Improving population education levels, particularly for women, is an essential but slow child health strategy. Interventions targeting health literacy may yield rapid benefits, but the role of maternal health literacy as a determinant of child health in developing countries is unknown.
What this study adds?
This is the first primary study to examine the relationship between maternal health literacy and child health or child immunisation in a developing country. After rigorous statistical controls, we found that maternal health literacy was positively associated with children's receipt of vaccines in disadvantaged rural and urban populations in India. Initiatives targeting health literacy should be investigated as possible means to circumvent barriers due to low education and improve vaccination coverage and child health outcomes in developing countries. 
